In chloralose-urethanized cats, vasoactive in testinal peptide (VIP), applied by superfusion in steady state concentration (10-10_10-6 M) onto cortical vessels in situ resulted in a rapid concentration-dependent vaso dilatation in vessels that were mildly constricted by prosta glandin Fzo< (PGFzo<) (5 x 10-5 M) or hypocarbia (PaC02 = 26), The maximum dilatation produced by VIP (10-6 M) was about 60% over baseline in pial arteries and 40% in pial veins, Blockade of local neuronal activity with tetro dotoxin (TTX) (10-5 M) had no effect on the VIP-evoked dilation of pial vessels, Activation of the cortex by either direct electrical stimulation or indirectly by stimulation of the mesencephalic reticular formation (MRF) resulted in a rapid dilatation of pial arterioles and venules, The vaso dilatory effects of VIP and of cortical activation via direct cortical stimulation were not blocked by phentolamine (10-4 M), propranolol (10-4 M), atropine (10-4 M), or naloxone (10-4 M), indicating that the stimulated vasodi latation was not mediated by adrenergic. cholinergic, or
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Transmural stimulation of cerebral vessels fre quently evokes a prominent vasodilation that re mains following removal of the endothelium. The mediator of this dilation is not known. Several va soactive substances have been identified in perivas cular nerve plexi, including norepinephrine, acetyl-opiate receptors, The dilatory effects of MRF, but not direct cortical stimulation, were not blocked by TTX . VIP antiserum (I :25) preincubated in cortical cups had no effect on resting vessel diameter, but resulted in a signifi cant, though subtotal, reduction in the vasodilatation elicited by direct cortical and MRF stimulation. Normal rabbit sera or VIP antiserum pre incubated with saturating amounts of VIP were ineffective . In similar experiments, pial arteriolar and venular dilation evoked by hypercarbia was not attenuated by cortically applied VIP antisera. These observations suggest that pial dilation evoked by local increases in neuronal activity may be mediated in part by the local release of VIP from intrinsic neurons. Such a substrate would define a close obligatory coupling between local neuronal activation and local perfusion, such that nutritive flow could be enhanced prior to the onset of any metabolic deficit. Key Words: Cerebral blood flow-Cerebral cortex-Vasoactive intestinal polypeptide-Vasodilatation. choline, vasoactive intestinal polypeptide (VIP ), substance P, and neuropeptide Y (Edvinsson et a!., 1972 (Edvinsson et a!., , 1981 (Edvinsson et a!., , 1983 Chan-P alay, 1977; Ed vinsson and MacKenzie, 1977; Uddman et aI., 1982; Kobayashi et a!., 1983; Lee et aI., 1984) .
Several independent lines of evidence suggest a role for vasoactive intestinal polypeptide (VIP ) as one possible mediator of neurogenic cerebral vaso dilatation. (1) VIP-like immunoreactivity (VIP-LI) exists in vesicles in nonsympathetic nerve plexi around cerebral blood vessels (Lee et aI. , 1984) ; (2) VIP will produce vasodilatation of cerebral vessels in vitro (Larsson et aI., 1976) and in vivo when ap plied to the extraluminal surfaces of the vessels (Heistad et a!., 1980; McCulloch and Edvinsson, 1980) ; (3) the magnitude of the dilation of the arte rial segments at a standard field stimulation fre quency can be related to the surface density of VIP (Bevan et a!., 1982) ; and (4) the VIP-evoked dila tion is also endothelium independent (Lee, 1980) . In addition to its presence in perivascular plexi, VIP is present in a large population of cortical neu rons (Fuxe et aI., 1977; Loren et aI ., 1979) . We have shown that the levels of VIP-LI, present in superfu sate obtained from the cerebral cortex of the cat in vivo, can be significantly augmented by local depo larization (Wang et aI., 1983) and by activation of cerebral cortex via electrical stimulation of the mes encephalic reticular formation (MRF), the cortical surface, or somatic nerves (Wang et aI. , 1985) . VIP has been shown to depolarize and excite neurons in cerebral cortex when applied iontophoretically (P hillis et aI., 1978) . Not surprisingly, therefore, VIP can increase cerebral metabolism and may thereby result in a secondary cerebral hyperemia (McCulloch and Edvinsson, 1980) . These observa tions jointly support the contention that VIP may be released as an excitatory neurotransmitter in the cerebral cortex.
The observation that VIP release occurs sec ondary to neuronal activity and the characteristic close coupling between neuronal activity and ce rebral blood flow leads to the speculative hypothesis that VIP released into the extravascular-extracel lular space may serve as a mediator of this cou pling.
In the present study, the possible coupling be tween VIP release and dilation was examined.
MATERIALS AND METHODS

Animal preparation
The experiments were performed on mongrel cats (2.5-5.0 kg, both sexes). All surgical procedures were carried out under chloralose-urethane anesthesia. All an imals were intubated and artificially respired with positive pressure ventilation (Harvard Model 600). Catheters were inserted through the femoral vessels into the ab dominal aorta and into the inferior vena cava to permit the continuous measurement of mean arterial blood pres sure and the administration of fluids or drugs. In some animals, a second large-bore catheter was inserted into the intrathecal femoral artery to permit withdrawal and injection of blood to permit manipulation of blood pres sure. Pancuronium bromide (PavuIon) was given intrave nously in repeated doses of 1 mg/kg to facilitate control of ventilation.
Samples of arterial blood were taken frequently during the experiment for measurement of arterial carbon dioxide tension (PaC02), arterial oxygen tension (Pao2), and pH by a direct reading blood-gas analyzer. Throughout the course of experiment, unless otherwise stated, the animal was maintained at a Paco2 that ranged from 29 to 31 torr and a P a02 of 110-150 torr by adjusting the tidal volume and respiration rate. As cat Paco2 is nor mally 35-38 torr, this slight hypocapnea was employed to render the vessels slightly constricted to facilitate exami nation of vasodilatory effects. Rectal temperature was maintained at 37 -38°C with a thermostatically controlled heating pad. Arterial blood pressure, heart rate, and elec-J Cereb Blood Flow Metab, Vol. 7, No.3, 1987 trocorticogram (ECoG) were recorded simultaneously and displayed via a Grass ink-writing oscillograph. Under the anesthetic conditions employed, cats routinely showed slit-like pupils and a synchronized electrocorti cogram. Resting blood pressure under the above condi tions routinely ranged from 110 to 140 mm Hg, though it generally remained stable in any given experiment. Hy potension, defined as mean arterial pressure <70 torr that was not correctable with infusion of a plasma ex pander (albumin), was cause to terminate the experiment. Pharmacological methods to support blood pressure were not employed.
After the initial preparation, the animal was placed in a stereotaxic frame. The entire frame was rotated approxi mately 15-200 along the longitudinal axis to permit the right parietofrontal surface of the skull to be horizontal. For measurement of pial vessel size, and to permit the local pharmacological and physiological manipulation of the cortical surface, cats were prepared with a unilateral cortical cup. A craniectomy (approximate diameter 1.2 cm) was made above the parietofrontal area (about 2 mm posterior to coronal suture and 2 mm lateral to saggital suture) with a high-speed air drill. Copious saline was ap plied during the drilling to avoid local heating. Bone wax was applied to the margin of the craniectomy. ECoG electrodes were positioned epidurally through cranial burr holes adjacent to the craniectomy. The dura-arach noid overlying the cortex was then cut in a pie shape and reflected against the edge of the bone. Care was taken to avoid bleeding from the cut dura edges by the use of a bipolar coagulator. A thin-walled Te flon cylinder (diam eter 1 cm) rested by its own weight (30 mg) on the pial surface of the exposed cortex on each hemisphere. A fluid-tight seal between the cortex and the cylinders was achieved by applying a gel of 4% agar in physiological saline to the outside of the cylinders and over the elec trodes and skull. The cortical cups were continually per fused with a peristaltic pump at J 00 fd/min with artificial CSF (Yaksh et aI., 1982) bubbled with 95% O2/5% CO2, The pH of the perfusing media as sampled in the cortical cup under these conditions was 7.35 ± 0.05 (n = 10 cats). Te mperature of the cortical surface under these conditions was routinely maintained at 36.5 -37.soC by the field illumination.
Quantitative analysis of pial vessel dimensions
The column of blood that defines the pial vessel inside the cortical cup was viewed through a dissection micro scope at a magnification of x 40. Photomicrographs of pial vessels were taken in situ using a motor-driven Nikon camera, body mounted via an image splitter on the microscope. A calibration wire (diameter 120 f.Lm) placed on the cortical surface during each experiment was used to calibrate the degree of magnification. A computer based scanning program, modified according to Owen and colleagues (1983) , was used to analyze pial vascular dimensions quantitatively. Photomicrographs were placed on a digital plotting table, and vessel edges were scanned with a video cursor controlled with a key pad. A center line was first defined by the operator using the cursor. The X,Y data set defining the center line of the vessel being analyzed was used to generate perpendic ulars along the center line at fixed increments of 0.005 f.Lm. This data set was used to define diameters that were perpendicular to the axis of the center line. The first stage program sorts and stores data ofX,Y coordinates and the true center line of scanned vessels that were judged ac-ceptable. The edges of individual vessels were then scanned. To reduce random variations in edge identifica tion, several scans (at least two) were usually made, and the values at each location were averaged. The program subsequently plotted the outline of the vessel on the video monitor, and acceptability of the scanned data was determined by this plot. A second stage program recon structs and determines the diameter for the individual vessel. In control runs using calibrated wires, the photog raphy/measuring system has a ± 3 fLm variability at 100 and 150 fLm. The treatment and control diameter were then compared by dividing the average diameter of the vessel observed during the experimental manipulation by the average diameter of the same vessel segment before an experimental manipulation (e.g., administration of VIP).
Experimental protocol
As other investigators have routinely observed that the percent change in the measured diameter of the vessel following various manipUlations will vary as a function of vessel diameter (Kontos et aI., 1978; MacKenzie et aI., 1979) , the quantitative aspects of these studies were car ried out using arterioles and venules, the diameters of which in the normocarbic, untreated state were normally in the range of 90-100 fLm and 120-150 fLm, respectively.
Eff ect <d'dru;;s on cerehral Fessels. After the cortical preparation was complete, perfusion of CSF was initi ated, and a 60-90-min interval routinely was allowed to elapse. Photomicrographs for control measurement were then taken. The several agents under study (see below) were then added to the perfusing media at predetermined concentrations. All solutions were prepared shortly be fore the experiment. Vessel diameters were then mea sured at 0.05-5-min intervals, as required by the experi ment. Generally, 3-5 arterioles and 3-8 venules were measured in a given preparation. For concentration-re sponse curves, the same vessel segments were followed at all concentrations. Thus, complete dose-response data were routinely obtained in each vessel. These data were employed to determine the fL ± 95% confidence in terval (Goldstein, 1964) .
Vasomotor response <�fpiall'essels to cortical activa tion hy electrical stimlllation. Two manipulations were carried out: (I) focal electrical stimulation of the cortex, and (2) stimulation of the mesencephalic reticular forma tion (MRF). Focal stimulation of the cortical surface was achieved using a monopolar silver-ball electrode (insu lated, except at the tip). which was placed lightly on the cortical surface in the center of the field. MRF was stimu lated by a pair of stainless-steel needle electrodes (tip separation 5.0 mm, insulated with Epoxylite, except at the tip) inserted stereotaxically, at an angle of 500 to the vertical, to coordinates AP 0, L ± 2, Hv + 10. Stimula tion was provided in each manipulation by a pair of stim ulus isolation units that provided a constant voltage sym metrical bipolar (I ms) output. Unless otherwise stated, stimulation frequency was 10 Hz for cortical and 50 Hz for MRF.
Drugs and peptides
The following peptides and drugs were dissolved in ar tificial CSF for experiments in this study: vasoactive in testinal polypeptide (VIP, Peninsula Inc.), naloxone (Endo Lab.), phentolamine (CIBA Pharmaceutical Co.), and atropine (Sigma Chemical Co.). VIP antisera (no. 4823:
Mayo GI Hormone Research Laboratory) was obtained from rabbits immunized with VIP coupled to bovine serum albumin (BSA). The properties of this antisera are described elsewhere (Wang et aI., 1985) . In brief, it rec ognizes the carboxy terminus of VIP and fails to crossreact with a variety of other peptides, including PHI, NPY, substance P, or bradykinin at concentrations of 10 ng/m!. The "saturated" binding capacity of undi luted VIP antiserum (no. 4823) was calculated to be 1.9 fLg (5.8 x lO-lO mol) vIP/ml antiserum.
RESULTS
Pial vessel response to altered P aco2
To determine that the preparation showed ex pected vascular reactivity during the superfusion of normal CSF, inspired CO2 was altered for periods of 20 min to produce normocarbia, hypocarbia, and hypercarbia. Ta ble 1 presents the percent change from baseline (normocarbia). As can be seen, in creasing Paco2 over a range of 19-58 torr resulted in progressive vasodilation. The plot of the calcu lated percent change in arteriole and venular diam eter versus P aco2 displayed a positively inflected slope, which possessed a significant linear com ponent (r 2 = 0.83) and was significantly greater than O.
As the blood pressure covaried with the Paco2, a second CO2 response was then carried out with blood withdrawal during hypercarbia, or saline with albumin infused during hypocarbia in volumes ade quate to approximate blood pressure measured during normocarbia. As can be seen, though there was a slight reduction in the magnitude of the re sponse assessed during hypercarbia, there re mained a highly significant, positively inflected slope in the absence of the hypertension commonly observed during hypercarbia. These data demon strate the chemoreactivity of the cerebrovascula ture under the present superfusion conditions of the experiment.
Vasomotor responses of pial arterioles and venules to VIP
After the addition of VIP, a pronounced increase in vessel diameter was observed. Arterioles and venules previously not visible at the level of magni fication (x 40) became readily apparent (see Fig, I ), and the cortex frequently assumed a reddish hue. Vi sual inspection of the cortex frequently revealed that the venous blood changed from dark to bright red, and the distinct color difference between arte rioles and venules was no longer evident during the VIP -induced hyperemia.
To examine the dose dependency of these effects, artificial CSF solutions containing different con centrations of VIP were perfused through the cor- 
1.59 ± 0.4 1 a Results reflect the pooled data (Ji ± SE) obtained from 3 cats . 5-6 arterioles and 4-6 venules/cat. b Percent of normocarbia diameters. Control pial diameter: arteriole 109 ± 12 Jim . venule 152 ± 31 Jim. There was no significant difference between the vessel diameter measured during the first run (control) and second run (MABP controlled).
c p < 0.05 as compared to normocarbia. d Slope determined for each arteriole and venule. The Ji ± 95% Cl for the group of arterioles and venules is presented. e As described in text , MABP was controlled by blood withdrawal or volume infusion.
tical cups so that pial vessels under examination were bathed in a steady-state concentration of pep tide-containing solutions. To facilitate examination of the dilatory effects of these agents, the pial vas culature was rendered partially vasoconstricted ei ther by the addition of prostaglandin F2a (P GF2a) ( 5 X 10-5 M) to the perfusion media or by the mainte nance of a mild state of hypocarbia (PaC02 = 26 ± 2 torr). These treatments resulted in an approxi mate reduction in the diameter of arterioles to 31 and 25%, respectively, and to 25 and 21% in venules, respectively, as measured in non-drug-treated cor tices at normocarbia at Paco2 = 36-38 torr (see Ta ble 1). A complete concentration range of VIP (usually 10-1°_10-6 M) was examined concur- 1987 rently in each of 3-4 arterioles and each of 3-5 venules. Each arteriole and venule was followed for the entire range of concentrations in a given experi ment. Thus, a dose-response curve computed by least-squares regression could be generated for each vessel segment and the following parameters calculated: the maximum percent increase over control (precontracted) diameter, ECmax (concen tration producing a maximal dilation) , and EC50 (concentration producing a 50% maximal dilation). VIP. The summary of the results of these experi ments carried out in the presence of PGF2a and hy pocarbia-constricted veins is presented in Table 2 .
As indicated by all measures, VIP activity was comparable when assessed under either condition. At the end of the experiment, as indicated in Fig. 2 , direct cortical stimulation was carried out in the ab sence of VIP to examine the effect of electrical de-polarization. As will be discussed later, a promi nent and immediate dilation was evoked by such stimulation, which was invariably greater than the maximum dilation evoked by VIP. During the course of these dose-response studies, blood pressure was not altered by any of the agents added to the superfusate. Measurement of perfusion pH with the addition of the PGF2a and the peptides revealed no changes at these drug con centrations in this buffered solution.
Though no power spectral analysis was per formed, cortical administration of VIP frequently resulted in de synchronization of the EEG patterns . These changes occurred 5-[0 min after the onset of vasodilatation and were frequently maintained for periods up to [0-[5 min after the removal of VIP solution.
Vasomotor responses of pial vessels to cortical and
MRF stimuli
Activation of cerebral cortex, either by direct electrical stimulation or indirectly with ascending input evoked by the electrical stimulation of the re ticular activating system, results in a reliable in crease in the diameter of pial arterioles and venules and a simultaneous desynchronization of the cor tical electroencephalogram (EEG). Examination of micrographs taken before and during cortical acti vation evoked by direct stimulation or indirectly by stimulating MRF, indicated that the characteristics of the vasodilatation (e .g., hyperemia, increased number of visible collateral and anastomotic channels) were indistinguishable from the phenom enon characterized in Fig. I after focal VIP appli cation. As indicated in Fig. 3 , this vasodilation oc- cured with an extremely short latency. Near-max imal increases in arteriolar diameters were frequently noted in less than 10-15 s after the initi ation of stimulation (see below). Pial vessels re mained dilated throughout the period of stimula tion, and as indicated in Fig. 3 , the vasodilatation frequently outlasted the stimulation for up to sev eral minutes.
Relationship between resting vessel diameter and the magnitude of the evoked increase
The percent increase in vessel diameter after ei ther VIP (10-6 M), cortical or MRF stimulation (Fig. 4) was inversely proportional to the resting di ameter of the arteriole or venuole. The relationship between percent dilation as a function of the resting diameter during either cortical or MRF stimulation could be described by a linear regression model. Thus, the correlation coefficients for the linear re gression lines, established for either VIP, cortical, or MRF stimulation with arterioles was 0.81-0.89. However, the regression line for the venuoles was less adequately described by a linear regression model, as correlation coefficients were on the order of 0.6. Inspection of the graphs in Fig. 4 indicates that among the smaller venuoles «50 f,Lm), both VIP and the cortical and MRF stimulations resulted J Cereb Blood Flow Metab, Vol. 7, No.3, 1987 in disproportionate increases in resting diameter. In spite of this clear deviation from the expected values, the slope of the regression lines for the re sponse of the venuoles to either VIP, cortical, or MRF stimulation ranged from -0.05 to -0.07. These values are 0.5-0.25 of those slopes observed for the arteriolar response to these same manipula tions (-0.19 to -0.23).
Pharmacological antagonism of VIP-evoked and electrically evoked vasodilatation
To determine whether or not the dilatory effects of VIP on direct cortical stimulation were modified or mediated by other cortical neurotransmitter systems, phentolamine (10-4 M), propranolol (10-4 M), naloxone (10-4 M), or atropine (10-4 M) were administered into the cortical superfusate 30 min prior to examining the vasodilatory effects of VIP (10-6 M) in the superfusate and direct cortical stim ulation of VIP. Each antagonist was examined in 2 cats, with 3-5 arterioles and venules per animal. The sequence of treatment was alternated in each of the two cats. Thus, in one cat, the paradigm re quired administration of VIP (10-6 M) for 15 min. Thirty minutes after the removal of VIP, direct cor tical stimulation was initiated for 5 min. In the second cat, the sequence was reversed. As indi cated in Ta ble 3, none of the several antagonists at the concentrations employed had any prominent ef fect on the vasodilatory effect of direct cortical stimulation or VIP (one-way analysis of variance F values all < 1.0, df = 4/22 and 4/24 for venules and arterioles, respecti vel y).
Dilatory effects of VIP and electrical stimulation on cortical vessels in the presence of TTX
To determine whether the dilatory effects of VIP or direct cortical stimulation might be secondary to increased neuronal activity, concentration-re sponse curves were carried out (as illustrated in Fig. I) in two cats with a 60-min prior exposure to tetrodotoxin (TTX; 10-5 M in cortical superfusate). Previous studies have shown this treatment to de press MRF-evoked VIP release (Wang et aI., 1986 ), suggesting an effective blockade of sodium-depen dent conduction. As indicated in Ta ble 2, TTX had no effect on the maximum percent increase, the EC max , or EC 5 0 for cortically applied VIP as com pared to non-TTX-treated controls. (Two-sample t test: t values for arterioles and venules ranged from 0.301 to 0.615; df = 22 and 29 for arterioles and venules, respectively.)
Comparable experiments were carried out at a single concentration of VIP (10-6 M) and direct cortical stimulation. As shown in Ta ble 3, TTX again had no effect on VIP -evoked dilation. With regard to direct cortical stimulation, TTX not only failed to block the effects of direct depolarization, but significantly enhanced the magnitude of arteri olar dilation ( Table 3) . The dilation of the venules also appeared to be augmented, but this was not statistically significant.
Comparison of the dilatory effects of VIP and cortical electrical stimulation
Systematic comparison of the maximum vasodi latory effect produced by VIP (10-6 M), a dose pro ducing maximal dilation (see Table 2 ), versus direct cortical activation was permitted by the control (CSF) experiments outlined above. In these experi ments, with populations of vessels of comparable size, the mean arteriolar dilation evoked by VIP was 56% of control, which is less than that evoked by cortical stimulation (91%); (paired t test; t = 3.21, df = 9, p < 0.01). A similar statistical differ ence was observed with the effects of these manip ulations on the venules (paired t test; t = 3.11, df = 8, p < 0.01). Further support for this difference can be assessed by the joint consideration of all ap plicable data from all groups. Of 66 arteries and 72 veins examined (n = 18 cats), in 61 and 69, respec tively, the maximum effects of direct cortical stimu lation were greater than those produced by 10-6 M VIP.
Effects of VIP antisera of vasodilatation elicited by cortical activation
Because of the lack of specific antagonist for the VIP receptor, a high-titer VIP antiserum was used in an attempt to block the vasodilatation elicited by electrical stimulation and by exogenous VIP. In such experiments, normal rabbit serum from a non immunized rabbit was used as a control serum to ascertain whether or not any effects observed were due to the nonspecific effect of sera proteins. The VIP antiserum or the normal rabbit serum, in ap propriate concentrations, was given and maintained (preincubated) in cortical cups 40 min before exog enous VIP or electrical stimulation was applied to allow for diffusion of serum proteins. Figure 5 presents one of four cats (cat 11-1-84) showing the effects of normal rabbit serum (NRS), VIP antisera, and subsequently NR S on the dilation of arterioles and venules evoked by cortical stimu lation. NRS had no effect on resting vessel diam eter and did not noticeably alter the degree of dila-tion evoked by cortical stimulation. Thus, within I min after stimulation, in excess of 50% of the max imum effect was observed. VIP antisera (l :25) alone had no effect on resting venule or arteriole diameter after 40 min. As shown, however, there was a clear delay in the initial dilation, which pla teaued shortly at a level that was about 30-40% below that produced in the presence of NRS. With continued stimulation, there was invariably a sub sequent rapid elevation for the duration of the stim ulation. Figure 5 also presents a similar experiment (cat 11-6-84) showing the effects of NRS and VIP anti sera on the dilation evoked by MRF stimulation. A comparable delay in the onset of stimulation and the appearance of a shoulder in the dilation time course was also seen in these MRF-evoked in- creases in vessel diameter. Unlike the cortical stim ulation, MRF stimulation produced a reliable stim ulus-dependent increase in MABP. These results for the effects of NRS and VIP an tisera on cortical and MRF stimulation are summa rized in Fig. 6 .
The specificity of the antagonism was further ex amined in one cat with direct cortical stimulation by testing the effect of VIP antiserum (I :25) that was preabsorbed with the calculated amounts of VIP. This assured that the observed effect resulted from VIP antibody but not from other serum com ponents. The maximum percent change observed in pial arterioles (n = 7) and venules (n = 7) in the presence of the VIP -derived antisera (I09 ± II; 71 ± 6%) did not differ from that observed in the pres ence of NRS (101 ± 12; 66 ± 11%). Moreover, there was no evidence of any initial plateau dilation during the stimulation. The stimulus-dependent desynchronization of the EEG evoked by focal cortical activation or MRF stimulation was not detectably altered in any experiment with the VIP antisera.
Effects of immunoantagonism on vasodilation evoked by hypercarbia
In a single cat, prepared as described, the re sponse to hypercarbia was assessed in six arterioles and five venules. As indicated in Ta ble 4, in the presence of NRS, the response of these vessels was comparable to that observed in the larger group of cats in Table I . In the presence of VIP antisera (no. 4823; 1: 25) , no reduction in the magnitude of the response evoked by hypercarbia could be detected (paired t test; p > 0.20, df = 4 and 3, respectively). Subsequent replacement with NRS resulted in a vasodilation that was equally prominent as that ob served in the first NRS stimulation interval.
DISCUSSION
Cortical blood flow is regionally coupled to local neuronal activity Lubbers and Leninger-Follert (1978) , using mul tiple arrays of H2-sensing electrodes, observed sig nificant differences in clearance at sites separated by 100 f1m. Langfitt and Kassell (1968) reported that focal electrical stimulation of the brain invariably altered EEG and produced an increase in CBF without a change in blood pressure in spinally tran sected monkey anesthetized with pentobarbital so dium. An increase in regional CBF of distinct brain areas has been observed during increased motor performance (Olesen, 1971; lngvar and Schwartz, 1974; Halsey et aI., 1977) and after cutaneous af ferent stimulation (lngvar et aI., 1975; Winn et aI., 1981) . Such observations indicate that blood flow is heterogeneous and is likely coupled to local changes in neuronal function. The observations that brain intracellular pH remains consistent, whereas extracellular pH and P02 may rise coinci dent with the rapid increase in local flow suggests that these factors do not directly play an acute role in coupling the local changes in neuronal activity with local changes in flow (Astrup et aI., 1976; Lubbers and Leninger-Follert, 1978; Yaksh and Anderson, 1986) . These observations suggest the likelihood of a direct coupling between cellular ac tivity and local vasomotor tone, which evokes reg ulatory changes before metabolic deficits occur. Extracellular K + levels do rise acutely during in tense neuronal activity (Astrup et aI., 1976) , but such changes are likely of lesser consequence during normal function. In the present study, we have specifically exam ined the vasomotor effects of VIP, a peptide that has been shown to be localized in nerve terminals within the adventitia of cerebral blood vessels (Larsson et aI., 1976) . Direct application evoked a concentration-dependent increase in pial vessel di ameter. The ECso values observed in the present studies with approximately steady-state levels achieved by continuous perfusion of VIP are some what higher than those obtained by direct perivas cular application using micropipettes (McCulloch and Edvinsson, 1980; . This difference may be due to the likelihood that the concentration of VIP reaching the imme diate perivascular space is lower after topical ad ministration than after local microinjection.
After topical application of VIP, the vasodilation could occur through an effect not only on the vas cular smooth muscle but by activating neuronal systems to bring about some local metabolic change and/or the release of other vasoactive neu rotransmitters. We discount this alternative. First, vasodilatory effects were immediate and preceded any detectable changes in electrocortical activity. Second, the concentration-response curves for VIP and the response to focal cortical electrical stimulation were not altered by the blockade of so dium-dependent action potentials with TTX. These findings are critical, in that they suggest that at least the initial pial vasodilatation reflects a direct effect on arterioles and venules. The persistence of vasodilatation after termination of VIP application, however, might be partly due to changes in neu ronal activity and subsequent increases in meta bolic demand. can be increased by cortical and MRF stimulation (Wang et aI., 1986; Ya ksh and Go, 1986) . This re lease is calcium-dependent and is suppressed by anesthetics (Wang et aI., 1986) . These data suggest that VIP is released from neuronal stores as a cor tical neurotransmitter. As noted above, comparable physiological manipulations will result in a stim ulus-dependent increase in pial vessel diameter or cerebral blood flow (see above).
Several lines of evidence support a correlation between the effects on cerebral vasomotor tone as sociated with cortical activation and the local re lease of VIP. First, the direct application of VIP results in a monotonic concentration-dependent dilation (see Edvinsson et aI., 1982) that is indistin guishable from the effects of the physiological stim ulation. Second, the relative degree of neurally evoked pial cerebrovasodilation covaries signifi cantly with the relative magnitude of the increased VIP release (Yaksh and Go, 1986) . Third, the cere bral vasodilation evoked by cortical stimulation is not affected by a/!)-adrenergic, opioid, or cholin ergic antagonists. Alternatively, VIP antiserum re sulted in a significant, temporally surmountable re duction in the physiologically evoked dilation. In controls, neither rabbit antiserum nor VIP anti serum incubated with VIP was effective. The di minished response could be overcome by continued stimulation. It is reasonable to conclude that the time-limited inhibitory effect was due to the pro gressive saturation of the available antibody binding sites. These results are thus in accord with studies by Goadsby and MacDonald (1985) , who demonstrated that the dilation of the extracranial vasculature evoked by locus coeruleus or ptery gopalative stimulation was blocked by the intraca rotid administration of VIP antisera. Though these present data do offer broad support for a role for VIP in mediating the vasodilation that occurs im mediately after an increase in local neuronal ac tivity, these experiments also argue that not all va sodilatory stimuli are mediated through the action of VIP. Thus, the effects of vasodilation produced by hypercarbia were not associated with a secre-tion of VIP (Yaksh and Go, 1986) , and the effects of hypercarbia were not affected by VIP antisera (present experiments) . Moreover, persuasive evi dence exists to support the role of other vasoactive agents that are locally released into the interstitial space secondary to neuronal activity, including adenosine (Winn et aI ., 1981) , other peptides (see Wahl, 1985) , or prostaglandins (P ickard, 1981) .
In summary, these data support the hypothesis that VIP, released during cortical activation from local intrinsic neurons, may be one of several medi ators of the vasodilatation observed secondary to neuronal activity. Thus, one may speculate that a VIP -containing neuron may play a complex role in cortical function, first by its presumed role as an excitatory interneuron and secondly by its pro posed ability to change blood flow in immediate re sponse to local increases in neuronal activity, prior to the onset of any metabolic deficits . Significantly, anatomical studies have demonstrated that the den dritic tree of VIP -containing cortical neurons has been reported to occupy discrete cylindrical volumes 15 -60 /-Lm in diameter (Morrison et aI., 1984) . Such an organization would provide an ap propriate substratum necessary to account for such an anatomically discrete coupling . We suspect that this duality of function represents a general mecha nism wherein a number of neurally secreted agents may locally modulate vascular diameter, perme ability, and reactivity.
Recent work by Benan and colleagues (Neuro science , 19:597-604, 1986 ) has also shown that VIP antisera will block dilation croked by field stimula tion of cephalic vessels ex situ.
